The presence of Helicobacter species in Australian marsupials was examined systematically using microscopy, culture, and PCR in different regions of the gastrointestinal tract (GIT) and in the liver of brushtail possums (BTPs) (Trichosurus vulpecula), a common Australian marsupial that feeds on eucalyptus leaves. The spatial distribution of Helicobacter species in the GIT sections also was examined microscopically in silverstained sections and by fluorescent in situ hybridization (FISH) using a Helicobacter genus-specific probe. Helicobacter species were found colonizing the lower bowel of all BTPs studied. Good agreement was observed between the detection of Helicobacter species using culture and PCR, which was supported by the microscopic examination of silver-stained sections and FISH. The lower bowel of BTPs were colonized by one to three morphologically different (a comma-shaped species with no apparent flagella, a fusiform-shaped species entwined with periplasmic fibers and a bipolar sheathed flagella, and an S-shaped species with bipolar sheathed flagella) and potentially novel Helicobacter species, as well as in one case with a potentially novel Campylobacter species, which was a tightly coiled rod with bipolar unsheathed flagella. The isolation and characterization of these Helicobacter species in BTPs provides important information regarding the specific natural niche of these bacteria and their corelationship within their host, and it increases our understanding of the ecology of Helicobacter species.
Helicobacter spp. have been shown to naturally colonize the stomach and intestines of most animals and the liver of some animals (4, 5, 6, 8) . The genus Helicobacter is, in general, classified into two groups, gastric and enterohepatic Helicobacter spp. Gastric Helicobacter spp. have been found to colonize the stomach of humans, dogs, cats, cheetahs, rhesus monkeys, ferrets, sheep, cattle, whales, and dolphins, while enterohepatic Helicobacter spp. are more commonly found colonizing animals such as mice, rats, and hamsters (4, 28) . At the commencement of the current study, no information concerning Helicobacter spp. in one of the major classes of Mammalia, the Marsupialia, was known. The common brushtail possum (BTP; Trichosurus vulpecula) is the largest tree-dwelling marsupial herbivore and feeds on a variety of leaves, particularly eucalyptus (17) . Physiologically the BTP is a cecum fermenter, having a simple stomach and a well-developed cecum and proximal colon (15) .
The aim of this study was to investigate the presence of spiral (Sp)-shaped and fusiform (F)-shaped Helicobacter spp. colonizing the mucus layer of different regions of the gastrointestinal tract (GIT) as well as the liver of BTPs using microscopy, culture, and PCR. Spiral-and fusiform-shaped isolates were characterized and identified using morphological appearance, Helicobacter genus-specific PCR, and 16S rRNA gene sequence comparisons. The spatial distribution of Helicobacter species in GIT sections was examined microscopically in silverstained sections of the GIT as well as by fluorescent in situ hybridization (FISH) using a Helicobacter genus-specific probe. The number and percentage of Helicobacter species as detected by PCR and culture in different regions of the GIT were compared. In addition, the specific natural niche of these bacteria and the corelationship between mucus-associated microorganisms and their brushtail possum hosts was evaluated.
MATERIALS AND METHODS
Animals and collection of specimens. GIT and liver specimens from 11 wild adult brushtail possums (BTP1 to BTP11; four males, four females, and three unspecified sexes) were collected at the Veterinary & Quarantine Center, Taronga Zoo, Sydney, Australia. All BTPs had been injured or were in ill health, taken to the Veterinary & Quarantine Center, and subsequently died or were euthanized for compassionate reasons. For each animal, three samples of tissue from each of the following sites were collected: the liver, stomach, mid-ileum, ileum at 3 cm above the cecum (3-ileum), cecum, colon, and rectum. The first sample from a particular location was frozen at Ϫ70°C for DNA extraction. The second sample was frozen in brain heart infusion-glycerol medium (BHIG) and kept at Ϫ70°C until cultured. The third sample was fixed in formalin for histology.
Bacterial isolation and biochemical characterization. Samples were cultured on horse blood agar plate (HBA) and on campylobacter selective agar plates (CSA) using both the direct inoculation method and the selective filtration method as described by Robertson et al. (25) . The phenotypic characteristic of all isolates was determined using standardized methods as recommended in an extensive identification scheme designed for Campylobacter, Helicobacter, and related bacteria (3, 19) . Nitrate reduction and gamma-glutamyl transferase activity were examined using the API-Campy identification system (bioMérieux, Marcy-l'Etoile, France). Indoxyl acetate hydrolysis was examined using the disk method of Hodge et al. (14) . Alkaline phosphatase and hippurate hydrolysis was examined using Rosco diagnostic tablets (UTEC Diagnostics, Denmark). Susceptibility to nalidixic acid (30 g; designated NA 30; Oxoid), cephalothin (30 g; KF 30; Oxoid), and metronidazole (5 g; MTZ 5; Oxoid) was determined by disk diffusion on HBA plates. Strains were determined to be sensitive if there was a zone of inhibition and resistant if there was no zone (3, 16) . package used in the sequence manipulation and phylogenetic analyses were accessed via the ECGC extensions to the Wisconsin Package, version 8.1.0, 1996, via the Australian National Genomic Information Service (ANGIS; http: //biomanager.info/).
FISH. The oligonucleotide probes for fluorescent in situ hybridization (FISH) were EUB338-FITC (eubacterial 16S rRNA probe 5Ј GCTGCCTCCCGTAG GAGT 3Ј [1] , labeled with fluorescein-isothiocyanate [FITC] ) and HRh (Helicobacter genus-specific probe 5Ј TCTCAGGCCGGATACCCGTCATAGCCT 3Ј [9] , labeled with tetramethyl-rhodamine-isothiocyanate [TRITC] [Genset Pacific Pty. Ltd., Lismore, Australia]). Fixed H. pylori strain SS1 (positive control) and Psychrobacter sp. strain SW5 (negative control) were used as bacterial cell controls in every test. The cell control suspension was fixed in 4% paraformaldehyde and incubated at 4°C for up to 24 h. The cell was pelleted and then resuspended in a 10% solution of 0.1% nonionic detergent (Igepal CA-630; Sigma Chemical Co., St. Louis, MO.) in phosphate-buffered saline (PBS). This step was repeated using 500 l of 0.1% nonionic detergent, and finally the pellet was resuspended in a mixture of an equal volume of storage buffer (40 mM Tris buffer, pH 7.2, and 0.2% Igepal CA-630) and 96% ethanol and stored at Ϫ20°C.
One to 3 l of the fixed-cell controls were applied to a poly-L-lysine-coated slide and dehydrated in 50, 80, and 96% ethanol for 3 min each and left to dry. Five-m tissue sections were deparaffinized in xylene for 10 min and washed with 100% ethanol before being air dried. Nine volumes of hybridization solution (40% formamide) and 1 volume of the appropriate probe, EuB338-FITC (0.64 g/l) or HRh (0.8 g/l), were added to wells containing the control cells. Eighteen volumes of hybridization solution and 2 volumes of each of EuB338-FITC and HRh probes were added to the slide containing tissue sections. The slides then were incubated in a dark, sealed, moist chamber overnight at 37°C. After hybridization, the slides were rinsed with warm milli-Q water, followed by treatment with warm hybridizing solution, and then incubated for 20 min at 37°C. Prewarmed washing solution II (0.1 M Tris, pH 7.2, and 0.9 M NaCl) then was added, and the slides were incubated for a further 15 min at 37°C. Finally, the slides were rinsed in milli-Q water and air dried in the dark. The epifluorescent microscopic examination of the slides was conducted using a Zeiss Axioskop microscope fitted with an HBO 50-W mercury lamp and equipped with filter sets 10 and 15 (Carl Zeiss, Oberkochen, Germany) for detecting the green FITC signal and the red TRITC signal, respectively. Slides also were visualized using scanning confocal laser microscopy (SCLM) with an Olympus GB200 microscope (Olympus Optical Company Ltd., Tokyo, Japan) fitted with a piezoelectric z stage. The microscope was fitted with a 60ϫ, 1.4-numerical-aperture oil immersion lens. An argon laser was used as the excitation source for the fluorochromes used. The images obtained were analyzed using Photoshop 6.0 (Adobe Systems Inc., Mountain Vies, CA).
Nucleotide sequence accession numbers. The 16S rRNA accession numbers in GenBank for BTP1C to BTP9C are AY554115 to AY554123, for BTP1F to BTP6F are AY554124 to AY554129, for BTP1S to BTP3S are AY554135 to AY554137, and for the Tcr isolate is AY554142.
RESULTS
Bacterial cultivation. Twenty-eight of 48 spiral-or fusiformshaped isolates from the BTPs were identified as Helicobacter species using the Helicobacter genus-specific PCR. The micro- 
scopic examination of the 28 PCR-positive isolates showed 21 to be of a spiral (Sp)-shaped morphology and 7 to be of a fusiform (F) morphology. In the cecum of one brushtail possum, a non-helicobacter isolate that was a tightly coiled rod (Tcr) also was isolated.
The results of culture, the location from which these isolates were cultivated, and the direct and nested PCR results obtained from the 11 BTPs are shown in Table 1 . A comparison of the number and percentage of the detection of Helicobacter species in different regions of the GIT by direct and nested PCR and culture is shown in Table 2 .
Electron microscopy. Eleven spiral to curved isolates and 4 fusiform, potentially novel helicobacter and a non-helicobacter Tcr isolates were examined further using TEM. The analysis showed that the 15 negatively stained isolates from BTP fell into three morphological types: comma-shaped isolates measuring 0.3 m by 1.5 to 2.2 m and without flagella (Fig. 1A) and fusiform-shaped isolates measuring 0.8 m by 2.3 to 3.0 m and entwined with periplasmic fibers, which appeared to cover the whole cell. They had multiple (6 to 12) bipolar sheathed flagella (Fig. 1B) . The S-shaped isolates were 0.3 by 2.3 m and had bipolar sheathed flagella (Fig. 1C) . The Tcr isolate measured 0.5 by 4 m, was a tightly coiled rod with no periplasmic fibers, and had bipolar unsheathed flagella (Fig. 1D) .
16S rRNA sequencing analysis. The near-complete 16S rRNA gene sequences (ϳ1,450 bp) obtained from nine commashaped (BTP1C to BTP9C), six fusiform-shaped (BTP1F to BTP6F), and three S-shaped (BTP1S to BTP3S) isolates were compared to the sequences in GenBank. The commashaped BTP isolates showed 97% similarity to Helicobacter sp. MIT 99-5507, isolated from rhesus monkey 2 (accession number AF33334) (7). The fusiform-shaped BTP isolates showed 96% similarity to H. marmotae strain MIT 98-6070 (accession number AF333341), isolated from the liver of a woodchuck (5). The S-shaped BTP isolates showed 96% similarity to Helicobacter sp. MIT 01-6242, isolated from the gastric mucosa of harp seals (Phoca groenlandica) (13) . The comparison of the 16S rRNA gene sequences obtained in this study to other sequences from GenBank confirmed that the 18 isolates potentially were novel Helicobacter species. 
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The Tcr isolate was shown to be a Campylobacter species and showed 97% similarity to Campylobacter helveticus (accession numbers AF550647, AF550646, and NR025948) (12) . 16S rRNA sequence homology. The sequences from each group of possum isolates showed a high level of homology within each group (comma-shaped BTP, S-shaped BTP, and fusiform-shaped BTP). The percent similarity of each of the isolates was 99.5 to 100% within comma-shaped BTP, 99.6 to 100% within fusiform-shaped BTP, and 98.8 to 99.6% within S-shaped BTP. The percent similarity between each of the groups was Ͻ95.3% among the groups.
The phylogenetic tree obtained for the 18 BTP isolates and 32 members of the genera Helicobacter, Wolinella, and Campylobacter is shown in Fig. 2 . These results further confirmed that the three groups of BTP isolates could constitute three novel Helicobacter species. To further investigate this possibility, the growth, biochemical characterization, and susceptibility to antimicrobial agents of comma-shaped BTP isolates (BTP1C to BTP9C) and fusiform-shaped BTP isolates (BTP1F to BTP6F) were examined. Both commashaped and fusiform-shaped isolates were resistant to nalidixic acid and cephalothin (inhibition zone, 0 mm) but sensitive to metronidazole (inhibition zone, Ͼ50 mm for comma-shaped isolates and Ͼ30 mm for fusiform-shaped isolates). Fusiform-shaped isolates were hippurate hydrolysis positive. A comparison of a number of these characteristics to those of other Helicobacter species is shown in Table 3 .
Spatial distribution of mucus-associated bacteria in fixed sections of the liver and different regions of the GIT of BTPs. In the silver-stained liver sections of the 11 BTP, only a few curved-to spiral-shaped bacteria were observed in two BTPs (BTP1 and BTP6) (Fig. 3A and B) . Very low numbers of bacteria were observed in the stomach, mid-ileum, and 3-ileum sections of the majority of BTPs studied. In contrast, large numbers of curved-to spiral-shaped bacteria were observed in the mucus layer overlying the epithelium and in the crypts of the rectal, colonic, and cecal samples. An example of the distribution of these mucus-associated bac- on November 11, 2017 by guest http://aem.asm.org/ teria in the rectal regions of BTP8 in silver-stained sections is shown in Fig. 3C . The spatial distribution of bacteria belonging to the genus Helicobacter was further observed using FISH with a Helicobacter genus-specific probe, using the formalin-fixed rectal sections of four brushtail possums (BTP6, BTP7, BTP8, and BTP10), in which Helicobacter species had been isolated and detected by PCR. In these four rectal sections, Helicobacter species were shown to localize predominantly in the mucus layer overlying the surface epithelium and within the crypts of the rectum. Images of the hybridized bacteria taken from BTP10 using confocal scanning microscopy are shown in Fig. 4 . Most of the bacteria present in the mucus layer overlying the epithelium and in the rectal crypts were shown to belong to the genus Helicobacter (Fig. 4B, red, and C, orange) .
Histopathology. The histopathological examination of the liver sections from all 11 brushtail possums showed that all were within the normal range, with only a mild multifocal portal infiltration of small mononuclear cells being evident. No significant lesions were observed in the stomachs of 9 of the 11 BTPs. In 2 of the 11 BTPs studied (BTP5 and BTP9), scattered lymphocytes, plasma cells, and eosinophils were observed in the lamina propria of the stomach. The lower bowel of all BTPs was normal, with no infiltration being observed in the intestinal mucosa.
DISCUSSION
The presence of Helicobacter species was systematically examined in different regions of the GIT and the liver of Australian marsupials. This showed, for the first time, that Helicobacter species are present in the GIT of brushtail possums. Of the 11 wild BTPs examined, a total of 28 helicobacter-positive signals were detected in the lower bowel by culture and PCR amplification. Of these 28 isolates, 18 were further analyzed and shown to belong to the Helicobacter genus by 16S rRNA gene sequence analysis. The Helicobacter spp. isolated from the BTPs differed in morphology and could be separated into three morphological types by TEM: comma, fusiform, and S shaped. The level of similarity of the 16S rRNA gene sequences of each morphological type was Ͼ98.8%, with each morphological type representing a possibly novel Helicobacter species. Two unusual characteristics of the Helicobacter spp. isolated from BTPs were noted. First, no flagella were apparent in the comma-shaped isolates observed under electron microscopy, although they were actively motile. Second, the fusiform-shaped isolates were hippurate hydrolysis positive, representing the first report of Helicobacter species that can hydrolyze hippurate. This finding may facilitate the differentiation of fusiformshaped isolates from other Helicobacter species. Interestingly, hippurate hydrolysis is important for the differentiation of Campylobacter jejuni and Campylobacter coli (29) .
While bacterial culture detects only viable organisms, the detection of helicobacter DNA can represent viable and/or nonviable cells. A good agreement was found between the helicobacter cultivation results and the direct PCR results, as shown in Table 2 . This table shows that in most BTPs, the number of helicobacters present in the cecal region and the regions above this was very low and below the limit of detection of culture or direct PCR. Nested PCR, which is considered to be more sensitive than direct PCR, detected Helicobacter species in a number of samples that were negative by culture and direct PCR ( Table 2 ). In some instances the results of nested PCR supported the findings of histology. Indeed, curved-to spiral-shaped bacteria were observed in silverstained sections of almost all nested PCR-positive samples, except for the liver. There are two possible explanations for the observed discrepancies between the detection of Helicobacter spp. in the liver by nested PCR (6/11 BTPs) and the silver stain examination (2/11 BTPs, BTP1 and BTP6). First, in the liver, the bacteria are randomly distributed (usually in small numbers) and thus often are difficult to detect by silver staining (5) (6) 8) . This contrasts with the GIT, where bacteria are usually in larger numbers and are located primarily in the mucus layer overlying the intestines (Fig. 3C) . Second, nested PCR detects only Helicobacter DNA, which may in these cases have translocated from the GIT due to the disruption of the gastrointestinal ecology as a result of intestinal overgrowth in the GIT, physical damage to the mucosal barrier, or a decrease in the immune defenses (2) . In BTP6, low numbers of curved-to spiral-shaped bacteria were observed in the silver-stain sections of the liver (Fig. 3B) , stomach, mid-ileum, and ileum at 3 cm above the cecum of BTP6; however, no helicobacters were detected in the liver by culture or direct or nested PCR. These results suggest that the observed organisms in the liver of BTP6 do not belong to the Helicobacter genus.
The detection of Helicobacter species in the liver of animals has been documented previously, particularly in mice. Indeed, several Helicobacter species have been isolated or detected in extragastric or intestinal sites, including the liver, bile, gallbladder, and blood of animals and humans (4-6, 8, 10, 11, 31) . It has been suggested that bacteria access the liver by initial M-cell uptake, with spread to the liver via the portal circulation and finally the discharge of the bacteria into the biliary tract. Another possibility is the direct translocation through enterocytes or the migration of helicobacters from the lumen of the gut into the bile duct (2, 6) .
Few studies to date have described a systematic investigation of the entire GIT of any animal. In the current study, more than one morphological type of Helicobacter species was isolated from a single specimen in a number of the brushtail possums. For example, both spiral-and fusiform-shaped helicobacters were found cocolonizing the colonic and rectal areas of three of the BTPs (BTP3, BTP5, and BTP8). Although not all of the helicobacter isolates were examined by morphological analysis using TEM, S-shaped isolates were found to mainly colonize the cecum. The presence of more than one morphological type of spiral-shaped helicobacter in a single location of some of these brushtail possums is consistent with previous findings for rodents (20-22, 24, 27) . The cocolonization of Helicobacter spp. and Campylobacter spp. (Tcr isolate) also was found in this study. The FISH examination of rectal sections from four brushtail possums in which Helicobacter spp. had been detected and isolated showed that the majority of mucusassociated bacteria belonged to the genus Helicobacter.
Given that the histopathological examination of sections obtained from the liver and gastrointestinal tract of the brushtail possums showed all animals to be, in general, healthy, these Helicobacter species are likely to represent indigenous microorganisms that colonize the lower bowel of wild, normal, healthy brushtail possums.
Brushtail possums are cecum fermenters, with microbial fermentation taking place in the cecum/proximal colon site (15, 17) . From this study, the ecological niche of Helicobacter species was shown to be the lower bowel, covering the areas between the cecum and rectum and, in some animals, expanding to the ileum at 3 cm above the cecum. Although the colonization of Helicobacter species was not confined to the cecal-proximal colonic area, an important role of Helicobacter species in the fermentation of food cannot be excluded. It also is possible that Helicobacter spp. gain an optimal nutritional benefit from this area, as this region is the preferred ecological niche for Helicobacter species colonization in most mammals (28) . Currently, however, there is no evidence indicating whether the host gains any reciprocal benefit from these bacteria. The discovery of Helicobacter spp. inhabiting the lower bowel of the brushtail possum adds to the growing list of animals in which helicobacters have been found in the intestine. Given that Australian marsupials represent an evolutionary group distinct from placental mammals, the findings of this study are likely to contribute important information relating to the evolutionary aspect of these bacteria in their hosts.
